ABSTRACT The contribution of dietary, mobilized, or newly synthesized fatty acids in yolk formation at different periods of egg production was determined. In an initial experiment, a single dose of 13 C-linoleic acid was administered to pullets at the onset of egg production and their presence in follicles determined over the subsequent 10 days. In a second experiment, pullets were fed a daily 15 mg dose of U-13 C-glucose beginning 2 wk prior to sexual maturity through the end of the experimental period. A 50 mg meal of U-13 Clinoleic acid was orally administered approximately 10 d prior to sexual maturity (defined as first egg) representing body linoleic acid. Upon each hen's first egg, each bird received a 25 mg meal of 2 D 31 -linoleic acid representing dietary linoleic acid. All eggs were collected for the next 10 days. The incorporation of labeled linoleic acid and palmitic acid in egg yolk was then determined using GC-MS. This process was repeated at peak production and at 45 wk of age. At sexual maturity, the deposition of labeled palmitic acid in the yolk was higher compared with its deposition at peak production and 45 wk of age. The deposition of both 13 C-and 2 D 31 -linoleic acid increased with hen age. These results suggest that dietary and tissue linoleic acid is utilized to a greater extent in older hens and that lipogenesis (synthesis of palmitic acid) plays a larger role at sexual maturity in the young hen.
INTRODUCTION
The partitioning of energy is an important component of animal production. Most models of the energetic requirements for egg production are intended to be structurally simple and easy to use (Sakomura, 2004) . The mechanisms by which lipids are deposited into the animal product have a direct effect on the outcome of that product. Understanding the mechanisms of a hen's energy utilization can help in the development of adequate nutritional recommendations, with the advantage of a better knowledge of the functioning of the metabolic machinery of the hen. Indeed, Romero et al. (2009) indicates that energy partitioned for egg production changes as a function of composition and efficiency of retention and directly affects modeling to predict energy requirements. Del Prado et al. (2001) studied the contribution of dietary and endogenously synthesized arachidonic acid to its total secretion in the milk of women eating a low-fat diet using 13 C-linoleic acid. The authors suggest that maternal body stores are the ma- jor source of milk linoleic and arachidonic acid. Of particular interest is whether broiler breeder hens directly utilize dietary energy to produce egg lipids or whether breeders utilize a dynamic metabolic system that consistently provides nutrients to the egg at the expense of body tissue, as they do with body protein (Ekmay et al., 2013 (Ekmay et al., , 2014 , or through some other mechanism. Several reports have indicated that eggs from hens that had received radio-labeled acetate were found to have radioactivity present in the egg (Kritchevsky and Kirk, 1951; Rice et al., 1952; Schwenk and Baker, 1953; Murty and Reiser, 1961) . The labeled acetate may be a likely source for synthesizing fatty acids, similar to the de novo synthesis of palmitic acid. Using body reserves may be less energetically efficient, but may have conveyed an evolutionary advantage, particularly for reproduction, during times of meal uncertainty. The purpose of this study was to determine the contribution of dietary, mobilized, or newly synthesized fatty acids in the formation of the egg yolk during different periods of egg production.
MATERIALS AND METHODS

Birds and Bird Care
A flock of Cobb 700 broiler breeder chicks were reared according to the Cobb Breeder management Guide 383 (2008). Chicks were randomly allocated to floor pens and provided a common starter diet ad libitum throughout the first 2 wk of age. At 2 wk of age, birds were fed a restricted amount of feed every day. After the first 4 wk, birds were switched onto a skip-a-day feeding regimen with a common grower diet. Feed allocation was based on breeder recommended guidelines to reach target body weight (BW). Birds were weighed every wk by pen to obtain an average weight per pen and feed allocation adjusted accordingly.
At 21 wk, birds were transferred into a production house where they were individually housed in breeder cages (47 cm × 30.5 cm × 47 cm) containing an individual feeding trough and nipple drinker. Birds were photostimulated with 13 h of light and fed a common pre-breeder diet until wk 24 at which point they were switched to a commercial breeder diet. All breeders were control fed every d based on target egg production according to guidelines, with the exception that peak feed intake was capped at 390 kcal/day.
Experiment 1 Procedure
A group of 20 broiler breeder pullets of similar BW were orally administered a single 25 mg dose of U-13 C-linoleic acid (Cambridge Isotopes, Andover, MA) as part of their meal on the d of first oviposition, i.e. first egg. Two birds each d were then euthanized by CO 2 asphyxiation for the next 10 days. All large yellow follicles were collected from the ovary, identified (F 1 , F 2 ,. . . ,F n ) and stored at −80
• C for subsequent analysis.
Experiment 2 Procedure
A group of 20 broiler breeder pullets of similar body weight were orally administered a daily 15 mg dose of U-13 C glucose (Cambridge Isotopes, Andover, MA) daily from approximately 2 wk prior to the anticipated sexual maturity until the end of the experimental period. Ten d prior to the anticipated first egg, each bird was orally administered a single 50 mg dose of U-13 Clinoleic acid (Cambridge Isotopes, Andover, MA) along with their meal. On the d of each bird's first oviposition, each bird was orally administered a single 25 mg dose of 2 D 31 -linoleic acid (Cambridge Isotopes, Andover, MA) along with their meal. All eggs were subsequently collected for the next 10 days. Eggs from 4 un-enriched hens also were collected as a negative control. Eggs were then broken out, the egg yolk separated, and placed in a −80
• C freezer. This procedure was repeated at peak production and at 45 wk of age using similar time frames in between isotopic enrichments.
13 C glucose was intended to represent de novo fatty acid synthesis, 13 Clinoleic acid was intended to represent yolk linoleic acid resulting from the mobilization of body fat, whereas, 2 D 31 -linoleic acid was intended to represent yolk linoleic acid deposited directly from feed.
Fatty Acid Methyl Ester Determination
Yolk and follicle samples were freeze dried in a Genesis SQ 12 EL Freeze Drier (The Virtis Company, Gardiner, NY) prior to analysis. Determination and quantification of fatty acids was based on the procedure described by Eder (1995) . In brief, approximately 200 mg of homogenized sample (yolk or follicle) was weighed into a test tube. Two mL of 0.2 M methanolic-KOH were added to each tube and then tightly capped. The samples were digested for 45 min at 50
• C in a heating block with continuous vortexing at least twice per minute. After cooling, one mL of saturated NaCl solution and one mL of n-hexane were added to each tube. The tubes were again vortexed to extract fatty acid methyl esters (FAME). The samples were centrifuged for 5 min at 3,000 rpm. After centrifugation, the hexane layer was separated from the aqueous layer. The hexane layer was transferred to a 5 mL vial with a small amount of anhydrous sodium sulfate at the bottom. The samples were filtered with a 0.22μ nylon syringe filter and transferred to a GC vial.
An Agilent 17898 series gas chromatograph was used in combination with an Agilent 5975c mass spectrophotometer for the measurement of FAME and isotope enrichment in the yolk. One microliter of sample dissolved in n-hexane was injected with an autosampler (splitless mode, split opened after 2 min, split 10:1). A silica capillary column (Agilent 19091S-433, 30 m × 250 μm × 0.25 μm) was utilized in this experiment. The carrier gas helium (purity 5.0) was used at a constant flow rate of one mL/min. The GC oven program started at 60
• C (hold time one min), which was raised at 7
• C/min to 180 2 D 31 -linoleic acid (M + 31, 325 m/z) and 13 C-linoleic acid (M + 1, 312 m/z) fragments also were monitored. A least-squares linear regression was fitted to determine the standard curves of isotopic and unlabeled fatty acids by plotting the abundance of the peak areas of the fatty acid versus the molar ratio. The slope of each standard curve was then utilized to calculate the unknown concentrations of the labeled fatty acids from the follicle and yolk FAME extract. The calculations were corrected for the natural abundance probability of each isotope.
Statistical Analysis
All data were analyzed on JMP Pro v11.1.1. Experiment 1 was a completely randomized design and data were analyzed as a mixed model with follicle number and d after enrichment as fixed effects. Day after enrichment was considered independent since different hens were sampled each day. A least squares linear regression was fitted for isotopic enrichment by follicle number for each d after enrichment. Experiment 2 was as a completely randomized design. A one-way analysis of variance was performed to determine differences in isotopic enrichment by breeder age within each isotope. No statistical analysis was conducted comparing the different isotopes since methodological differences do not allow for an appropriate comparison. Significant differences were considered as P ≤ 0.05.
RESULTS
Experiment 1
There was a significant interaction effect between d after enrichment and follicle number (P < 0.0001). Therefore, results are reported for each d after enrichment. Early deposition, i.e., d one and 2, of the U-13 C-linoleic acid marker was greatest in the small follicles, e.g., F9, F10, based on a statistically significant slope (Figure 1) . By d 3, the linoleic acid marker had equilibrated across all follicles with the understanding that follicle F10 will have increased in size and become F9, follicle F9 will have become F8, etc. As follicles develop and increase in size, the newly formed follicles do not appear to have any additional isotopic marker present, e.g., F8, F9, and F10 at d 8, 9, and 10 since non-significant slopes were present from d 3 and continued through d 10, with the exception of d 5 (P = 0.0059, <0. 0001, 0.31, 0.12, 0.0217, 0.18, 0.10, 0.72, 0 .08, and 0.49 for d one to 10, respectively).
Experiment 2
Significant differences were determined across time for the mean 13 C-linoleic acid, 2 D 31 -linoleic acid, and 13 C-palmitic acid content of egg yolk (Figure 2) . 13 Cpalmitic acid content in the yolk was greatest at first egg compared with peak production and at 45 wk of age. On the other hand, 2 D 31 -and 13 C-linoleic acid were greatest at 45 wk of age compared with first egg and peak production. There were no significant differences in the total linoleic acid concentration of the egg yolk for a total average of 52.44 mg/g dry yolk (P = .7351, SEM = 2.08). Palmitic acid concentration in the egg yolk decreased as the breeders aged with concentrations of 99.09, 61.52, and 74.51 mg/g dry yolk for first egg, peak of production, and 45 wk of age, respectively. 
DISCUSSION
The dynamics of nutrient partitioning for egg production in the broiler breeder hen have not been fully investigated. Most nutritional models, including energy models, partition energy requirements among maintenance, growth, and egg production. However, the interplay among these components has not been fully elucidated. For many species, we can define maturity as the point at which growth ceases and nutrients can be allocated to maintenance and reproduction. Indeed, commercial laying hens fit within this definition. However, broiler breeder hens do not exhibit this life strategy and there is a continual interplay between growth and egg production, defined as indeterminate growth, throughout a hen's life cycle (Lika and Kooijiman, 2003) . Recent studies by Ekmay et al. (2014) have indicated that an approximately 80/20 divestiture of dietary lysine is observed for skeletal muscle tissue and the egg, respectively, in broiler breeder hens from the onset of egg production through well past peak egg production. The authors also reported that endogenous lysine was the primary source of lysine in the egg, indicating that nutrients that are diverted towards "growth" may serve as a nutrient pool for egg production. Salas et al. (2010) showed that body weight for broiler breeder hens increased throughout a 40-week production cycle but body protein increased until 35 wk of age and decreased from 35 to 45 wk of age, including during excess protein intake, whereas body fat continually accrued during this same time period. The authors showed that body fat was reduced during the 45-to 65-week period whereas the body protein increased. In lieu of body composition changes that occur during the production period, the present study aimed to elucidate how energy is partitioned in the form of fatty acids during egg production for different breeder ages.
The results from Experiment 1 appear to indicate that dietary linoleic acid is quickly deposited into the smaller follicles with little to no deposition occurring after this initial burst during early egg production. Thus, all isotopic enrichment from a single dosing is expected to be found within the first 10 eggs that are laid subsequent to this. Follicles beyond the initial 10 do not appear to have appreciable amounts of isotopic marker.
Dietary glucose has many functions in metabolism, one of which is for the synthesis of new fatty acids through lipogenesis. The results of Experiment 2 indicate that the incorporation of both sources of linoleic acid (dietary and endogenous) increased as hen age increased (Figure 2) . Conversely, palmitic acid deposition decreased as the hen aged (Figure 2 ). From these results, it can be inferred that de novo lipogenesis plays a relatively larger role in early production yolk fatty acid deposition than do preformed fatty acids. Although no direct comparison between the 2 isotopic markers for linoleic acid could be statistically compared, the concentration of each was similar at 25 wk and at 45 wk of age (Figure 2 ). These results indicate that dietary and endogenous linoleic acid are likely equally important at these time points. The ready incorporation of dietary linoleic acid into egg yolk is consistent with the results of Experiment 1.
Several reports have indicated that eggs from hens that had received radio-labeled acetate were found to have radioactivity present in the egg (Kritchevsky and Kirk, 1951; Rice et al., 1952; Schwenk and Baker, 1953; Murty and Reiser, 1961) . Weiss et al. (1967) indicated that after the administration of radio-labeled acetate to laying hens, the egg that was laid the following d after dosing presented little to no radioactivity, with peak radioactivity occurring at approximately the second or third egg after administration. These results are similar to the de novo incorporation of glucose in palmitate observed in Experiment 2, showing de novo lipogenesis.
Naber and Biggert (1989) conducted a study to investigate changes to lipogenesis and fatty acid incorporation into the yolk of commercial laying hens as a result of a low-fat diet and the addition of 30% safflower oil. The study utilized 14 C-acetate to measure the extent in which radio-labeled acetate was incorporated into lipids found within eggs laid 4 d after inoculation. Naber and Biggert (1989) , thus, showed extensive incorporation of 14 C-acetate into the lipids of eggs. Furthermore, Richards et al. (2003) reported that feed restricted breeders (vs. ad libitum) presented significantly higher expression of genes related to lipogenesis at the onset of sexual maturity compared with expression prior to photostimulation or peak production. Thus, it is clear that broiler breeder hens derive a significant portion of egg fatty acids through lipogenesis at the onset of sexual maturity. Romero et al. (2009) examined different models of energy utilization, including 2 nonlinear models. Within one of these models, the energy requirements for egg mass production accounted for changes in body weight using a Cobb-Douglas functional form. Romero et al. (2009) showed that energy requirements for egg production were greatest at low body weights, and vice versa. This result may be reflective of the finding of the study presented herein that a significant proportion of the energy requirement for egg production is met by endogenous sources, i.e., body fat and lipogenesis, and at a minimum, partitioning does not remain constant.
In summary, the present study shows that dietary linoleic acid is quickly and primarily deposited into small follicles and both dietary and endogenous linoleic acid are utilized to a greater extent in older hens. Furthermore, lipogenesis plays a larger role in the synthesis of palmitic acid in the young hen than in the older.
